M uch as a human body contains many organs, its cells contain many organelles. These membrane-bounded compartments perform different functions but must interact physically, coordinating their activities to keep the cell alive and well. Cell biologists have long watched organelles dance inside living cells, either alone or in pairs. But technological limitations have made it hard to observe interactions between multiple organelles -little is known about the choreography of the dance troupe as a whole. On page 162, Valm et al. 1 introduce an arsenal of tools with which to simultaneously visualize six types of organelle in a live cell, and use the video footage generated to define organellar structures, dynamics and interactions.
Fluorescence microscopy is the tool of choice for monitoring organelles in living cells. In this technique, different organelles are tagged with different fluorescent molecules called fluorophores; these are excited by illumination at certain wavelengths and themselves emit light at set wavelengths, producing different colours. However, routine fluorescence microscopes can distinguish only three or four such probes, owing to the broad range of wavelengths that each fluorophore is excited by and emits. More fluorophores can be distinguished using a method called linear unmixing, in which mathematical algorithms deconstruct the excitation or emission spectra from each pixel in an image to determine the combination of fluorophores excited in that region.
And there are other challenges to using fluor escence microscopy for live cells. First, the intensity of the fluorescence emitted by a fluorophore decreases continuously during light exposure -a phenomenon called photobleaching. Second, extended periods of light exposure can damage living cells. Together, these factors restrict the number of images that can be taken of any living cell. Limited snapshots can be obtained over time or in 3D stacks.
Valm et al. set out to simultaneously image six types of fluorescently labelled organellethe endoplasmic reticulum (ER), mitochondria, Golgi, lysosomes, peroxisomes and lipid droplets -in live cells, both in 3D and over time. The authors first used a commercial fluorescence microscope and developed an information-processing system that could not only distinguish fluorophores through linear unmixing, but also outline objects from pixelated images, quantify organelle numbers, volumes and positions and, crucially, detect interactions between all organelles
The researchers used this tool kit to map the contacts between lipid droplets (which store and transport lipids) and other organelles. This analysis revealed reproducible interaction patterns. Lipid droplets made continuous contacts with the ER, in which most lipids are synthesized, but transient and less-frequent contacts with the other four organelles, to which droplets transport lipids for metabolic processing or degradation. However, these data were taken from a single, thick plane across
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An intracellular dance visualized
The development of a microscopy technique that enables observation of the interactions between six types of organelle, in 3D and over time, holds promise for improving our understanding of intracellular processes. See Letter p.162 1 have developed a microscopy technique to analyse the interactions between six types of organelle: the endoplasmic reticulum (ER), mitochondria, Golgi, lysosomes, peroxisomes and lipid droplets. The authors projected lasers of six frequencies across the cell in a thin sheet perpendicular to the microscope lens. Each laser excites six fluorophores -molecules tagged to each organelle that emit fluorescent light -to varying degrees. Only the portion of the cell under observation is illuminated, preventing the damage to the cell or fluorophores that can result from prolonged light exposure. A complex informationprocessing system then computed organelle dynamics and interactions. Imaging at different levels across the cell and over time enabled the production of 3D videos from which organelle interactions could be mapped. To overcome these challenges, Valm and colleagues developed a microscope based on a technique called lattice light-sheet micro scopy, in which an ultrathin light sheet is placed perpendicular to the lens that connects to the camera and is projected onto the cell, illumina ting only a thin section at a time (Fig. 1) . This strategy enables high-resolution 3D imaging while limiting photobleaching and cell damage 2 . By quickly switching between six laser frequencies, the authors could rapidly distinguish the different excitation spectra of each fluorophore.
The authors' 3D maps revealed that contacts between the ER and other organelles were uniformly distributed throughout the cell, whereas other organelle-organelle contacts were generally more frequent near the nucleus. The ER is mesh-like in shape, and the authors found that this mesh explored more than 90% of the cell within minutes. By contrast, other organelles moved much less. Taking all of their observations together, Valm and colleagues constructed a quantitative interaction network, which revealed that the ER acts as a central hub for the organelle network. The central role of the ER has been implicated in previous studies of organelle pairs 3 , but the organelle network has never been quantitatively and systematically studied in individual cells. These observations provide a foundation from which to further investigate how the organelle network is coordinated during a variety of cellular processes.
Mitochondria, the cell's metabolic powerhouses, move continuously and stack in layers. To accurately map the contacts made by these organelles, the authors generated 3D time series of single cells. Like other organelles, mitochondria interacted most prominently with the ER. Finally, the authors defined contacts between ER-mitochondrion contact sites and the other four organelles over time. ER-mitochondrion contacts are of interest to biologists because they are well-established sites of calcium-ion signalling and lipid traffick ing 3 , and so are important for normal cell physiology.
Electron microscopy indicates that ERmitochondrion junctions are 10-30 nanometres wide 3 . However, Valm and colleagues' microscope has a resolution of about 300 nm, so some of the contacts that the authors report could be false positives. Contact mapping could be made more precise either by increasing the resolution using spectral superresolution fluorescence microscopy 4 , or by using split fluorescent proteins 5 -two nonfluorescing protein fragments that fluoresce when they come into contact -attached to different organelles. In addition, the duration, recurrence or location of contacts could be monitored to form a score system to help identify functional contacts. Alternatively, perhaps such contacts could be pinpointed by measuring calcium-ion flux or labelling the molecular tethers that hold junctions together 3, 6 . Valm and colleagues' breakthrough opens up wide-ranging opportunities for exploring the molecular mechanisms that underpin the organelle community's dance. If more dancers can be watched for longer, the potential for insight becomes even greater. Combinatorial labelling of organelles with more than one fluorescent protein, or the use of 'vibrational probes' that emit light over narrow bandwidths, could enable monitoring of several dozen cellular components 7, 8 , including signalling factors and metabolites that move between organelles. And techniques to amplify fluor escent signals could allow much longer time series to be taken 9 . In addition, the development of 'optogenetic' techniques 10 means that the positions of organelles can be controlled with light, enabling investigations of how the organelle network responds to altered behaviour of one or more chosen organelles.
As the art of cell film-making matures, a new branch of systems biology based on images and video footage may emerge. ■ 
Sang-Hee Shim is in the Center
S H R I R A M R A M A N AT H A N
T he search for functional materials has been at the forefront of research spanning natural philosophy to engineering for centuries. Usually, this discovery process is planned -raw materials are cooked in a furnace, and the properties of the resulting products are studied. But once in a while, desirable properties can emerge unexpectedly from an existing material when its composition is subtly changed or when small quantities of impurities are added. The trick is to work out which impurities to throw into the mix (and how this should be done), and to understand the mechanisms behind the properties that emerge. On page 124, Lu et al. 1 report a remarkable advance in this direction. The authors used an electric field to carefully manipulate a material's composition and concentration of ionic impurities, causing it to switch between multiple phases that have distinct electronic, optical and magnetic properties.
Lu and colleagues grew a thin film of a ceramic material (strontium cobalt oxide, SrCoO 2.5 ) on the surface of a substrate using a technique called pulsed laser deposition.
Usually, to stimulate the diffusion of ions into such a material, extreme heat would be applied. The authors instead added an ionic liquid to the material's surface (Fig. 1) . This gel-like material is both an electrical insulator and an ionic conductor, and it contains dissolved oxide ions (O 2-) and hydrogen ions (H + ). Ionic liquids have been previously used as a means to accumulate charge at the surfaces of semiconductors to tune their electrical conductivity 2 and as a medium in which to store ions (such as oxide ions) for insertion into solids 3 . The researchers applied a voltage across the ionic liquid using a pair of electrodes. They show that, depending on the polarity of the voltage, either the oxide ions or the hydrogen ions are driven into the ceramic material. Furthermore, they demonstrate that reversing the voltage extracts the relevant ions in each case, implying that the process is reversible.
The beauty of Lu and collaborators' approach is twofold. First, extreme heat is not needed because the driving force for ionic motion is an electric field rather than thermal energy. Second, the ionic transfer occurs at near room temperature, which allows the distance moved by the ions to be controlled
CONDENSED-MATTER PHYSICS
Functional materials at the flick of a switch
The function of materials that have been coated with an ionic liquid can be altered by applying an electric field to shuttle ions in and out. The technique has been used to make materials that have switchable properties. See Letter p.124
